The polyploid Salix alba±Salix fragilis hybrid complex is rather dicult to study when using only morphological characters. Most of the features have a low diagnostic value for unambiguously identifying the hybrids, introgression patterns and population structures, though morphological traits have proved to be useful in making a hybrid index. Morphology and molecular variation from RAPDs were investigated in several case studies on willows from Belgium. A thorough screening of full-sib progenies of interspeci®c controlled crosses was made to select homologous ampli®cation products. The selected ampli®ed products proved to be useful in a principal coordinate analysis for the estimation of variability of hybrid progenies. On the basis of genetic similarities and ordination analysis, a method for the identi®cation of clones in the ®eld was established using presumed pure species and presumed introgressants. The chosen reference clones were checked against additional European samples of putative pure species to ensure the reliability of the method beyond a regional scale. The RAPDs suggested that both species have kept their gene pools well separated and that hybridization actually does not seem to be a dominating process. The observation that molecular markers do not always follow the morphological traits or allozyme data is discussed.
Introduction
Salix alba L. (white willow), Salix fragilis L. (crack willow) and their hybrid S.´rubens Schrank are closely related polyploid species (2x 76) with a widely sympatric distribution throughout Europe. They are dioecious but may reproduce as well sexually as by vegetative propagation. The willows are typical treeforming pioneer species in alluvial plains and riparian zones. The delimitation between these polyploid taxa relies on relatively few diagnostic features in the morphology. Consequently, large overlaps exist which make it dicult to identify samples from the ®eld unambiguously. In many cases the two species coexist in mixed stands. Arti®cial hybridization is possible, but the taxonomic identity as well as the identi®cation of their metapopulations remains dicult. Dierent elements such as the lack of qualitative diagnostic characters, the frequent occurrence of intermediate morphological forms and the successful interspeci®c controlled crosses, support the hypothesis that S. alba and S. fragilis may hybridize frequently in nature. Hybrids and introgressed hybrids seem to dominate in the ®eld when considering morphology (De Bondt, 1996) .
Few studies on allozyme variation in Salix species have been performed, but they have already shed some light on the genetic structure of diploid and polyploid willow populations. In S. silicicola Raup. and S. alaxensis (Anders.) Cov. (2x 38) from North America, the dierentiation between populations was low and the estimates of gene¯ow based on G ST values were rather moderate (Purdy & Bayer, 1995) . This is consistent with the reviewed data on trees with a dioecious breeding system and wind-dispersed seeds (Hamrick & Godt, 1989) . Factors that promote high levels of genetic diversity within populations in Salix species include dioecy, high fecundity, wind-dispersed seeds and long-lived clonal growth. Characteristic for Salix might be the allelic evenness of allozyme distribution (Brunsfeld et al., 1991) as well as the low probability of genetic drift (Purdy & Bayer, 1995) . Allozymes in full-sib controlled crosses of polyploid S. alba and S. fragilis from Belgium showed Mendelian segregation for certain enzymes, whereas other genes had ®xed heterozygosity. Most of the enzymes could not be used as good markers at the species level because dierences were mainly in allele frequencies (Triest et al., 1998a) . Based on the inferred genetic control of these allozymes, a survey of 239 clones of the morphological S. alba± S. fragilis complex indicated that most of the allelic dierentiation occurred at the local level of small tributaries, but that there is allelic evenness among the catchment areas of a river system (Triest et al., 1998b) . Tributaries which are 10±25 km in length were proposed as the most likely entities for further examination of putative hybridization and events of allelic ®xation. Yet, allozymes could give no evidence of extensive hybridization in the ®eld between S. alba and S. fragilis (Triest et al., 1999) .
Because phylogenetic studies of closely related taxa, or individuals within taxa, are often limited by the large number of individuals to be considered in the comparison (Stewart, 1993) , a well-designed and conceptual approach has to be worked out using suitable markers. Molecular markers that discriminate between closely related taxa can be useful for estimating the extent of hybridization and introgression among species (Perron et al., 1995; Khasa & Dancik, 1996) . Substantial amounts of DNA polymorphism can be detected by PCR using single decanucleotide primers (Williams et al., 1990) . Although the value of RAPDs can be questioned (e.g. Smith et al., 1994; Harris, 1995; van de Zande et al., 1995) , the technique is more reliable when assaying by a considerable number of primers and selecting a few repeatable and clearly interpretable RAPD fragments (Furman et al., 1997) . Analysing the heritability of the RAPD fragments in the progeny of arti®cial crosses undoubtedly will increase their value as molecular markers. Recently, AFLP have also proved to be useful in generating polymorphic DNA fragments for the identi®cation of willows (Beismann et al., 1997) .
The objective of this study was to estimate the extent of hybridization in the S. alba±S. fragilis complex through the subsequent analysis of both morphology and RAPDs in three complementary sets of samples: (i) arti®cially created hybrid progeny between presumed pure species in order to select appropriate RAPD markers; (ii) a morphological continuum of S. alba, S.´rubens and S. fragilis, representing a morphological hybrid index, in order to select appropriate reference clones of presumed pure species and eventually also the F 1 hybrid and introgressed hybrids; and (iii) representative European reference clones of S. alba and S. fragilis in order to test the validity of the chosen species-speci®c markers beyond a regional scale.
Materials and methods

Plant materials
The willow buds or juvenile leaves originated from three complementary sets of sampling.
Set no. 1: controlled crosses (Table 1) of parental S. alba and S. fragilis clones originating from Belgium were ®rst studied for morphological variation and 
Methods
Morphological data
The identi®cation of the individual trees and the analysis of morphological characteristics was carried out on all samples used to set up the reference system. UPOV guidelines provided a basis for the selection of willow characteristics to be considered (De Bondt, 1996) . Features were bud length, leaf length, leaf width, ratio of leaf length/leaf width, petiole length, degree of serration at leaf margin, the shape of the buds and degree of pubescence on various organs (stem, upper part of the twigs, lower half of the twigs, bud tip, upper side of the leaf and lower side of the leaf ). The measurements were standardized into ®ve classes before ordination analysis.
DNA extraction and PCR procedure Buds or sprouting willow leaves were collected, frozen in liquid nitrogen and stored at )80°C. Total plant DNA for PCR was isolated according to a slightly modi®ed protocol from Murray & Thompson (1980) . Previously frozen plant material (up to 3 g) was ground in a mortar containing liquid nitrogen. Twenty mL of DNA extraction buer (100 mM M Tris pH 8, 1.4 M M NaCl, 20 mM M EDTA, 2% CTAB, 1% PVPP, 1% b-mercaptoethanol) were added and the mixture subsequently incubated at 65°C for 20 min. After cooling to room temperature, 20 mL of chloroform-isoamylalcohol (24:1, v/v) (CI) were added. The mixture was then centrifuged for 10 min at 3200 g. After recovery of the upper phase, 0.1 vol. 10% CTAB and 1 vol. CI were added. A second centrifugation was carried out at 3200 g for 10 min. 1.2 vol. precipitation buer (100 mM M Tris pH 8, 20 mM M EDTA, 2% CTAB) was added to the recovered upper phase. After an incubation of at least 20 min at room temperature, the nucleic acids were pelleted for 15 min at 8200 g. The pellet was dissolved in 5 mL 1 M M NaCl and once fully dissolved, 10 lL of a 10-mg/mL RNase solution were added. This mixture was incubated at 37°C for 30 min. The DNA was precipitated by adding 500 lL 4 M M LiCl and 15 mL 100% EtOH ()70°C, 30 min), followed by a centrifugation at 12 800 g for 10 min. The DNA pellet was washed in 70% EtOH. After a ®nal centrifugation at 12 800 g for 10 min, the DNA pellet was dried and subsequently dissolved in 500 lL TE. DNA presence was monitored by subjecting samples to 1% agarose gel electrophoresis in 1´TBE buer (Sambrook et al., 1989) and by visual assessment of band intensities compared with DNA standards. The exact DNA concentration and the purity was determined by spectrophotometry. A set of 14 decanucleotides of arbitrary sequence (obtained from Operon Technologies Inc., Alameda, CA.) were selected according to their reproducibility from the 40 primers that were initially employed, namely OPA01, OPA02, OPA04, OPA05, OPA07, OPA14, OPA20, OPO04, OPO11, OPO12, OPO15, OPO16, OPO19, OPO20. The 25 lL reaction mixture contained approximately 25 ng template DNA, 5 pmol of a single decanucleotide, 100 lM M each of dNTPs (Pharmacia) and 1 unit Taq polymerase in the incubation buer provided by the manufacturer of the enzyme (Boehringer Mannheim). The mixture was overlaid with two drops of mineral oil. Ampli®cation was achieved in a Thermojet thermocycler (Eurogentec) programmed as follows: 1 cycle of 2 min at 94°C; 40 cycles of 45 s at 92°C, 1 min at 36°C, 2 min at 72°C; 1 cycle of 5 min at 72°C. Ampli®cation products were subjected to electrophoresis on 1% agarose gels in 1T BE and detected by ethidium bromide staining. Molecular weights were estimated using lambda DNA (Boehringer Mannheim) digested with PstI (Eurogentec). At least three repeat reactions were analysed for all primers on every individual.
Data analysis The reproducibility of the ampli®cation products was improved by altering the concentrations of Mg 2+ , Taq polymerase and the amount of template and primer DNA. In order to verify that the plant organs do not aect individual ampli®cation products, extractions were performed on buds (October±January), young leaves (March) and older leaves (September±October). No dierences were found between the ampli®cation products from the same individual. Reliability of the ampli®cation products was also tested using two dierent DNA thermal cyclers, using the same temperature pro®les, obtaining nearly completely matching ampli®ed bands. Sometimes, the minor bands were dicult to interpret, but if such fragments were clearly visualized in one of the repeats, they were considered as present. Principal coordinate analysis (PCOORDA) was carried out using the NTSYS NTSYS-PC PC program (Rohlf, 1993) . Banding patterns for all primers were compiled and introduced as a single rectangular data matrix consisting of presence/ absence data. The data set was then transformed into a similarity matrix using the simple matching (SM) coecient of resemblance.
Results
Morphological variability
From the analysis of the morphological characteristics of buds, leaves and twigs, no clearly separated groups of species or hybrids could be revealed in the progeny of controlled crosses, the representative clones of the hybrid index and the European reference clones. The PCOORDA analysis indicated that there are numerous intermediate positions between the more extreme groups along the ®rst principal coordinate. Therefore, only 27% and 7% of the morphological variation in the interspeci®c progeny could be explained by the ®rst and second principal coordinate, respectively (Fig. 1) . When checking the position of the controlled crosses, it became clear that the progeny where the male S. fragilis parent H was involved was morphologically very variable. The interspeci®c A´H and B´H families had progenies with intermediate forms as well as with S. alba morphology. The D´H family had progeny ranging morphologically from S. fragilis through intermediate forms to S. alba. The latter might indicate that the status of the parental type H is not a pure S. fragilis but already an F 1 or introgressed hybrid. Therefore, D´H was considered as an inter-rather than an intraspeci®c cross for this analysis. In the representative clones of the hybrid index (Fig. 2) , the S. fragilis (F) and so-called introgressed S. fragilis hybrids (FH) could be identi®ed rather consistently, whereas there could be more confusion among the S. alba (A), S.´rubens (R) and the so-called introgressed S. alba hybrids (AH). Only 21% and 9% of the variation could be explained by the ®rst two axes. The previously chosen reference material of S. fragilis (Sweden) and S. alba (The Netherlands, Germany, Italy and Bulgaria) were at opposite positions (Fig. 3) and con®rmed the potential use of the morphological characters for identifying both species and eventually their putative hybrids. As a result of the comparison with introgressed S. alba clones, only 26% and 10% of the variation could be explained by the ®rst two axes.
RAPDs of controlled crosses (set no. 1)
A total of 19 parental speci®c ampli®cation products were selected out of 86 ampli®cation products, using 13 primers (OPA01, OPA02, OPA04, OPA05, OPA07, OPA14, OPA20, OPO04, OPO11, OPO12, OPO15, OPO16, OPO19). Estimation of the proportion of heterozygous RAPDs in the parental types through Fig. 1 Principal coordinate analysis of morphological variation in the Salix alba±S. fragilis complex using the progeny of interspeci®c controlled crosses, namely B´H (triangles), A´H (squares) and D´H (circles). A large morphological variability is noted in the three families. comparison of the presence/absence status for each ampli®cation product in their progeny revealed that S. alba had more absence codes than S. fragilis and consequently a lower proportion of observed heterozygosity (H o ). The male parental type H of S. fragilis was heterozygous for all 10 of the markers used (Table 1) . H thus could be close to an F 1 in origin, explaining the large variability in the progeny.
All of the selected fragments were diagnostic of the individual parental types. Samples with a missing value were left out of the analysis presented here, because this might in¯uence the position of the intermediates in an ordination analysis (Fig. 4) . All crosses resulted in progeny with a variable genotype composition. Only 20% and 16% of the variation could be explained by the ®rst and second principal coordinates, respectively. The most important observation for the further analysis of the hybrid S. alba±S. fragilis complex is that the majority of the progeny resulting from interspeci®c crosses between genotypically distinct parental types, were positioned in the intermediate zone and in between the parents. A minority of the progeny had multi-RAPD genotypes similar to one of the parental types.
RAPDs of a representative morphological continuum (set no. 2)
A total of 13 species-diagnostic ampli®cation products were selected from the 95 DNA fragments obtained with 12 primers (OPA02, OPA04, OPA05, OPA14, OPA20, OPO04, OPO11, OPO12, OPO15, OPO16, OPO19, OPO20). The reduction from 19 to 13 fragments was necessary because some markers varied between individuals in the previous analysis of the controlled crosses. A PCOORDA analysis of 46 willow trees for these 13 ampli®cation products using the simple matching coef®cient revealed that in this collection there were clearly two major groups corresponding to either S. alba or S. fragilis (Fig. 5) . About 72% of the variation could be explained by the ®rst principal coordinate (only 8% for the second axis). As such, the morphological variability of 10 S. alba, 10 S. alba hybrids, 10 S.´rubens, 10 S. fragilis hybrids and six S. fragilis was not re¯ected by these species-diagnostic genotypes. Fig. 3 Principal coordinate analysis of the morphological variation in the Salix alba±S. fragilis complex using putative pure clones of S. fragilis (S, Sweden) and of S. alba (Bg, Bulgaria; D, Germany; It, Italy; and NL, The Netherlands). They were placed against a series of the arbitrary hybrid index (same symbols as in Fig. 2) . 
RAPDs in representative European clones (set no. 3)
The genetic similarity between individual clones of diverse European origin and the selected Belgian reference clones was calculated using the same 13 diagnostic ampli®ed products as in set no. 2. The similarity values were the lowest between individuals of the putative pure S. alba and the putative pure S. fragilis. Within a species, the lowest similarity values were 62% (for S. alba) and 46% (for S. fragilis). Noteworthy is that the most deviating S. fragilis (IBW no. 257) was more similar in these DNA fragments to S. fragilis from Sweden (62%) than to all other samples. The Swedish willows, however, are more similar to all other S. fragilis samples than to IBW no. 257. The most deviating S. alba (IBW no. 100) had its lowest similarity (15%) to the IBW no. 257 and to those from Sweden (39%), but was more related to all other samples by over 50%.
The PCOORDA revealed two clearly dierent clusters, each corresponding to S. alba or S. fragilis (Fig. 6 ). About 77% of the variation on the ®rst axis can be explained by the species speci®city and positioned the reference clones as such, regardless of the origin. Only the clone from Bulgaria was slightly dierentiated from S. alba. The samples nos. 100 and 257, most dierentiated from the S. alba and S. fragilis references, respectively, were placed towards intermediate positions along the ®rst principal coordinate but became separated along the second axis (explaining another 12% of the variation). They were included to frame the possible variability (putative remnants of introgressed individuals) within each species.
Discussion
The morphological analysis of the leaves, buds and twigs indicated that there are many potential hybrids in the samples. This con®rmed the observations of many botanists (Rechinger, 1964; De Langhe et al., 1983) that the majority of the willows of the S. alba±S. fragilis complex are hybrids and introgressants. Together with the ease of arti®cial cross-fertilization between both species this has even led to the suggestion that almost no pure species were available in the ®eld as a result of repeated introgression. Most of the quantitative morphological characteristics do not have a clear diagnostic value but are based on a continuous variation in the degree of pubescence of the twigs, buds and leaves. Obviously, the identi®cation of the least pubescent individuals (S. fragilis-like) can be achieved more consistently than of the more pubescent S.´rubens and S. alba.
If the parental type H of S. fragilis is an introgressant in origin, then the variation of its progeny can be better understood. Similarly, all other individuals at an intermediate position of the ordination could be regarded as potential hybrids. The large proportion of morphological intermediates suggests that hybridization is a common process between the species and that they coexist as a hybrid complex. When comparing the morphological variation of the progeny with RAPDs, using 19 diagnostic fragments at the level of the individual parental types, it becomes clear that the more qualitatively chosen fragments in the parental types are providing sucient information about the relationships between the ospring and their parents. For the analysis of arti®cial hybrids, particular marker genes are better suited than morphology. In progeny studies, the availability of good markers is more important than the total amount of fragments considered. The use of a few but unambiguous diagnostic bands gave clear information on marker segregation and estimations of heterozygosity in these dominant markers. The large genetic variability of the progeny where H is involved as a male parent of S. fragilis is consistent with the data on the morphological variability though not on an individual basis. RAPDs were also reliable for showing that a large portion of the ampli®cation products were heterozygous in most of the parental types. It thus can be expected that extensive outcrossing between dierent genotypes should lead to a broad variability in the clones from the ®eld. However, this broad variability seems not to be the case in the present sampling or in a previous study (Triest et al., 1997) . Fig. 6 Principal coordinate analysis of species-diagnostic RAPDs in putative pure clones of Salix fragilis (S, Sweden) and of S. alba (Bg, Bulgaria; D, Germany; It, Italy; and NL, The Netherlands). The previously selected references clones from Belgium were nos 276 (S. fragilis), 257 (introgressed S. fragilis), 78 (S. alba) and 100 (introgressed S. alba). The selected references are clearly grouped according to the species, illustrating that the chosen method also could be applicable on a larger European scale.
Genetic differentiation vs. continuum in morphology
Using a morphological continuum of 46 clones, it was possible to trace those trees that were at the largest genetic distance within the collection by means of comparing the original data from a similarity matrix and by using a PCOORDA. Much of the variation could be explained in terms of a S. alba-like and S. fragilis-like grouping. Most samples were genetically close to the presumed references. In this collection of 46 trees, representing a hybrid index, there were no samples observed with clear intermediate values of genetic similarities.
A useful comparison of the morphological identity with the RAPDs of a previously investigated series of the S. alba±S. fragilis complex (Triest et al., 1997) showed that 41% of the individuals had a genotype and morphology both corresponding to S. alba but that 23% had a genotype typical of S. alba, but with a S. fragilis morphology. Similarly, 28% of the individuals had a genotype and morphology corresponding to S. fragilis but 8% had a genotype typical of S. fragilis and a morphology typical of S. alba. Because the progeny of controlled crosses were ordinated at positions between the parental types if these parents were genetically divergent, then the putative F 1 or introgressed hybrids (if they exist) from the ®eld also should be positioned as intermediates.
It might be questioned whether the comigrating bands of individuals, originating from such dierent biogeographical regions, are really homologous. Nonhomology might introduce noise into the data set, eventually leading to inaccurate estimates of genetic relationships. Rieseberg (1996) reviewed this problem and it can be shown that the chance for nonhomology is increased with larger genetic distances and when introducing large randomly generated data sets. Because the selection of homologous ampli®cation products was initially inferred from the controlled crosses of Salix, it can be argued that, in the case of full-sibs, the comigrating fragments are indeed homologous for the samples from Belgium. Closely related individuals exhibiting a large (dominant) allelic evenness presumably were less prone to RAPD artefacts. Allozymes in a similar set of S. alba±S. fragilis clones from Belgium revealed a large allelic evenness without unique alleles in dierent regions (Triest et al., 1998b) .
The additional willow trees from other European origins are clustered unambiguously among the presumed pure species of S. alba and S. fragilis of the Belgian clones. It is evident that if the morphological identi®cation of the Belgian clones was correct, the 13 diagnostic ampli®cation products used here also had to be species-speci®c on a larger European scale, which was demonstrated here. The observation that the abovementioned European clones of putative pure S. alba or S. fragilis were genetically very close to the putative pure Belgian clones might be indicative of a more widespread genetic evenness within both species, as well as of the genetic characteristics of the species. The latter are thus most likely conservative over a large geographical area. When comparing the European references to the data obtained from the Belgian clones, previously used to set up a reference system (Triest et al., 1997) , it becomes evident that the genetic composition of the S. alba± S. fragilis complex is disrupted, being skewed towards the pure species and not towards intermediate hybrid forms. This dominating process, namely a low probability of hybrid formation and maintenance, could also explain why the species have kept their genetic identities quite well over such a large geographical area. The possible role of introgression can be explained as an additional source of genetic variation. Hybridization and introgression increase the opportunities of recombination by bringing together dierentiated genomes. If these genomes are coadapted, recombination is unlikely to produce successful new variants, except perhaps in a disturbed or changing environment. Many hybrid zones, however, appear to represent substantial barriers (in a so-called tension zone) to gene exchange, with limited introgression occurring in the face of selection against hybrids or recombinants.
Morphological observations do not always correspond with molecular analyses in the case of putative hybrids (Rieseberg & Brunsfeld, 1992; Nason et al., 1992; Dawson et al., 1996) . The utility of RAPDs in suggesting interspeci®c hybridization was clearly demonstrated in Gliricidia where additional RFLPs revealed allelic combinations consistent with a hybrid origin at similar localities (Dawson et al., 1996) . The Poptun individuals of Gliricidia were heterozygous at two RFLP loci and strongly indicated F 1 hybrids. The observation that the suggested F 1 hybrids were positioned as intermediates along the ®rst principal coordinate of the PCOORDA, but grouped separately along the second principal coordinate is quite similar to our observations on willows. Morphology and isozymes indicated a close relationship between Solidago albopilosa and S.¯exicaulis, whereas RAPDs on F 1 hybrids indicated that S.¯exicaulis only hybridizes with S. caesia (Esselman & Crawford, 1997) . Phylogenetic relationships in 19 species of Rosa apparently showed good correlation with previous classi®cations based on morphological and karyological studies (Millan et al., 1996) .
Similarly, allozymes do not always follow morphological variation. In Aesculus (De Pamphilis & Wyatt, 1989) and Populus (Keim et al., 1989) hybridization could be detected on the basis of diagnostic features. In Quercus rubra and Q. ellipsoides, morphological hybrids were observed but the isozyme polymorphism was similar in both species (Hokanson et al., 1993) . In an outcrossing perennial (Ipomopsis), putative hybridization was noted in the morphology, but again, the allozyme composition remained very similar among three species of a complex (Wolf et al., 1991) .
In some cases, molecular markers reveal hybrid forms that were not expected on morphological grounds. The detection of hybrids and introgressed individuals between black spruce and red spruce was more ecient using molecular (RAPD) markers than with morphological traits (Perron & Bousquet, 1997) . Their morphological discriminant model, based on twig characters, misclassi®ed as parental types many of the hybrid or introgressant trees detected with molecular markers. They observed a higher proportion of hybrids with RAPDs than with morphology, which led them to state that natural hybridization is a rule rather than an exception. In contrast, our results on the willows demonstrate that morphological traits indicate a higher level of hybrid formation than do the RAPD markers. This might be explained by the mixed reproductive strategy in willows, that is in contrast to the highly sexually reproducing spruces. Perhaps chloroplast DNA markers are more promising for detecting interspeci®c gene¯ow, as shown for American white oaks (Whittemore & Schaal, 1991) .
Both species of willows studied here may have populations that are structured largely independently. It might be expected that S. fragilis is more clonal than S. alba. If so, multiple local contacts would provide the only opportunity for many hybridization events. Such mosaic hybrid zones are logical places to look for intermediate variants. Beismann et al. (1997) most likely observed such a local contact zone between S. alba and S. fragilis with hybridization as a result. Clonality, however, must have in¯uenced the genetic structuring of the mixed population, because they collected S. fragilis mainly at the higher altitudes and S. alba at the lower altitudes. Surprisingly, the presumed hybrids they detected with AFLP markers seemed to be rather homogeneous, suggesting that they were F 1 hybrids rather than introgressed ones. Local mosaic patterns could be tension zones of coadapted gene complexes, although hybrid zones often have been reported to remain narrow, with a low frequency of introgressive hybrids (Harrison, 1990) .
The present study could indicate that identi®cation of morphological hybrids is not necessarily following the chosen species-speci®c RAPD ampli®cation products. Hybridization in the S. alba±S. fragilis complex is suggested to be a process with a low occurrence in the lowlands of Belgium.
